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(57) ABSTRACT 

A cardiac rhythm management device predicts de?brillation 
thresholds without any need to apply de?brillation shocks or 
subjecting the patient to ?brillation. Intravascular de?brilla 
tion electrodes are implanted in a heart. By applying a small 
test energy, an electric ?eld near one of the de?brillation 
electrodes is determined by measuring a voltage at a sensing 
electrode offset from the de?brillation electrode by a known 
distance. A desired minimum value of electric ?eld at the 
heart periphery is established. A distance between a de?bril 
lation electrodes and the heart periphery is measured, either 
?uoroscopically or by measuring a voltage at an electrode at 
or near the heart periphery. Using the measured electric ?eld 
and the measured distance to the periphery of the heart, the 
de?brillation energy needed to obtain the desired electric 
?eld at the heart periphery is estimated. In an example, the 
device also includes a de?brillation shock circuit and a stimu 
lation circuit. 
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CARDIAC RHYTHM MANAGEMENT 
SYSTEM WITH DEFIBRILLATION 

THRESHOLD PREDICTION 

CROSS-REFERENCE TO RELATED 

APPLICATION(S) 

This application is a continuation-in-part of US. patent 
application Ser. No. 10/744,991, ?led on Dec. 23, 2003, now 
issued as US. Pat. No. 6,859,664, which is a continuation of 
US. patent application Ser. No. 09/808,419, ?led on Mar. 14, 
2001, now issued as US. Pat. No. 6,751,502 and is a continu 
ation-in-part of US. patent application Ser. No. 10/921,777, 
?led Aug. 18, 2004, now issued as US. Pat. No. 7,386,344. 
This application also claims priority to Bocek et al. US. 
Provisional PatentApplication Ser. 60/600,614, ?ledAug. 11, 
2004, entitled PACEMAKER WITH COMBINED 
DEFIBRILLATOR TAILORED FOR BRADYCARDIA 
PATIENTS. The above patent and patent applications are 
incorporated by reference in their entirety. 

TECHNICAL FIELD 

The present system relates generally to cardiac rhythm 
management systems and particularly, but not by way of 
limitation, to a system providing, among other things, 
de?brillation threshold prediction. 

BACKGROUND 

When functioning properly, the human heart maintains its 
own intrinsic rhythm, and is capable of pumping adequate 
blood throughout the body’s circulatory system. However, 
some people have irregular cardiac rhythms, referred to as 
cardiac arrhythmias. Such arrhythmias result in diminished 
blood circulation. One mode of treating cardiac arrhythmias 
uses drug therapy. Drugs are often effective at restoring nor 
mal heart rhythms. However, drug therapy is not always 
effective for treating arrhythmias of certain patients. For such 
patients, an alternative mode of treatment is needed. One such 
alternative mode of treatment includes the use of a cardiac 
rhythm management system. Such systems are often 
implanted in the patient and deliver therapy to the heart. 

Cardiac rhythm management systems include, among 
other things, pacemakers, also referred to as pacers. Pacers 
deliver timed sequences of low energy electrical stimuli, 
called pace pulses, to the heart, such as via an intravascular 
leadwire or catheter (referred to as a “lead”) having one or 
more electrodes disposed in or about the heart. Heart contrac 
tions are initiated in response to such pace pulses (this is 
referred to as “capturing” the heart). By properly timing the 
delivery of pace pulses, the heart can be induced to contract in 
proper rhythm, greatly improving its ef?ciency as a pump. 
Pacers are often used to treat patients with bradyarrhythmias, 
that is, hearts that beat too slowly, or irregularly. 

Cardiac rhythm management systems also include de?bril 
lators that are capable of delivering higher energy electrical 
stimuli to the heart. Such de?brillators also include cardio 
verters, which synchronize the delivery of such stimuli to 
portions of sensed intrinsic heart activity signals. De?brilla 
tors are often used to treat patients with tachyarrhythmias, 
that is, hearts that beat too quickly. Such too-fast heart 
rhythms also cause diminished blood circulation because the 
heart isn’t allowed suf?cient time to ?ll with blood before 
contracting to expel the blood. Such pumping by the heart is 
inef?cient. A de?brillator is capable of delivering an high 
energy electrical stimulus that is sometimes referred to as a 
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2 
de?brillation countershock, also referred to simply as a 
“shock.” The countershock interrupts the tachyarrhythmia, 
allowing the heart to reestablish a normal rhythm for the 
ef?cient pumping of blood. In addition to pacers, cardiac 
rhythm management systems also include, among other 
things, pacer/de?brillators that combine the functions of pac 
ers and de?brillators, drug delivery devices, and any other 
implantable or external systems or devices for diagnosing or 
treating cardiac arrhythmias. 
One problem faced by cardiac rhythm management sys 

tems is the determination of the threshold energy required, for 
a particular de?brillation shock waveform, to reliably convert 
a tachyarrhythmia into a normal heart rhythm. Ventricular and 
atrial ?brillation are probabilistic phenomena that observe a 
dose-response relationship with respect to shock strength. 
The ventricular de?brillation threshold (VDFT) is the small 
est amount of energy that can be delivered to the heart to 
reliably revert ventricular ?brillation to a normal rhythm. 
Similarly, the atrial de?brillation threshold (ADFT) is the 
threshold amount of energy that will terminate an atrial ?bril 
lation. Such de?brillation thresholds vary from patient to 
patient, and may even vary within a patient depending on the 
placement of the electrodes used to deliver the therapy. In 
order to ensure the ef?cacy of such therapy and to maximize 
the longevity of the battery source of such therapy energy, the 
de?brillation thresholds must be determined so that the 
de?brillation energy can be safely set above the threshold 
value but not at so large of a value so as to waste energy and 

shorten the usable life of the implanted device. 

One technique for determining the de?brillation threshold 
is to induce the targeted tachyarrhythmia (e.g., ventricular 
?brillation), and then apply shocks of varying magnitude to 
determine the energy needed to convert the arrhythmia into a 
normal heart rhythm. However, this requires imposing the 
risks and discomfort associated with both the arrhythmia and 
the therapy. Electrical energy delivered to the heart has the 
potential to both cause myocardial injury and subject the 
patient to pain. Moreover, if de?brillation thresholds are 
being obtained in order to assist the physician in determining 
optimal lead placement, these disadvantages are com 
pounded as the procedure is repeated for different potential 
lead placements. 

Another technique for determining the de?brillation 
threshold, referred to as the “upper limit of vulnerability” 
technique, a patient in a state of normal heart rhythm is 
shocked during the vulnerable (T-wave) period of the cardiac 
cycle during which time the heart tissue is undergoing repo 
larization. Shocks of varying magnitude are applied until 
?brillation is induced. Of course, after such ?brillation is 
induced, the patient must be again shocked in order to inter 
rupt the arrhythmia and reestablish a normal heart rhythm. In 
this technique, the corresponding ?brillation-inducing shock 
magnitude is then related to a de?brillation threshold energy 
using a theoretical model. The upper limit of vulnerability 
technique also suffers from imposing the risks and discomfort 
associated with both the arrhythmia and the shock therapy. 
Moreover, because of the discomfort associated with the 
?brillation and countershocks, the patient is typically sedated 
under general anesthesia, which itself has some additional 
risk and increased health care cost. For these and other rea 
sons, there is a need to estimate de?brillation thresholds 
without relying on a de?brillation shock to induce or termi 
nate an actual arrhythmia. 
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SUMMARY 

The present system provides, among other things, a cardiac 
rhythm management system that predicts de?brillation 
thresholds without any need to apply de?brillation shocks or 
subjecting the patient to ?brillation. In one embodiment, the 
system provides a method that includes delivering a non 
de?brillating and non?brillation-inducing test energy to a 
heart, detecting a resulting output signal based on the test 
energy and a heart characteristic, and estimating a de?brilla 
tion threshold, based on the output signal, for a portion of the 
heart to be de?brillated. In an embodiment, a method also 
includes detecting at least one intrinsic electrical heart signal 
from a heart of a patient and delivering to the heart a stimu 
lation at an energy level appropriate to evoke or assist in 
evoking a responsive heart contraction. In an embodiment, 
the method also includes detecting a ventricular tach 
yarrhythmia or ?brillation using a technique having a speci 
?city and a sensitivity, wherein the speci?city exceeds the 
sensitivity, and delivering a shock in response to at least the 
detected tachyarrhythmia or ?brillation, the shock in excess 
of the threshold voltage associated with the second electric 
?eld strength. 

In one embodiment, the system includes ?rst and second 
electrodes con?gured for association with a heart. A test 
energy module is coupled to the second electrode, for deliv 
ering a nonde?brillating and non?brillation-inducing test 
energy to the heart. Aresponse signal module is coupled to the 
?rst and second electrodes for detecting responses to the test 
energy. A controller is coupled to the response signal module. 
The controller estimates a de?brillation threshold energy 
based on a predetermined desired de?brillation electric ?eld 
at a distal portion of the heart tissue to be de?brillated and a 
distance from the second electrode to the distal portion of the 
heart tissue, and an indication of the electric ?eld near the 
second electrode. Other aspects of the invention will be 
apparent on reading the following detailed description of the 
invention and viewing the drawings that form a part thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings, which are not necessarily drawn to scale, 
like numerals describe substantially similar components 
throughout the several views. Like numerals having different 
letter suf?xes represent different instances of substantially 
similar components. The drawings illustrate generally, by 
way of example, but not by way of limitation, various 
embodiments discussed in the present document. 

FIG. 1 is a schematic/block diagram illustrating portions of 
the present cardiac rhythm management system and portions 
of an environment of use. 

FIG. 2 is a ?ow chart illustrating a technique for estimating 
de?brillation thresholds such as using the system of FIG. 1. 

FIG. 3 is a lookup table illustrating estimating de?brilla 
tion threshold voltages based on an indication of electric ?eld 
near a de?brillation electrode and a distance therefrom. 

FIG. 4 is a schematic/block diagram illustrating an alter 
native embodiment of portions of the present cardiac rhythm 
management system that determines a distance from the 
de?brillation electrode without requiring ?uoroscopic or 
other imaging. 

FIG. 5 is a ?ow chart, similar to that of FIG. 2, illustrating 
another method of operation such as using the system of FIG. 
4. 

FIG. 6 is a ?ow chart and accompanying graph illustrating 
one technique for estimating a distance from an electrode. 
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FIG. 7 is a ?ow chart illustrating another embodiment 

providing an indicator of the predicted de?brillation thresh 
old and/or selecting an appropriate cardiac rhythm manage 
ment device for implant. 

FIG. 8 is a ?ow chart illustrating another embodiment 
providing a de?brillation shock based on the predicted 
de?brillation threshold energy. 

FIG. 9 is a ?ow chart illustrating another embodiment for 
recording acute or chronic computed de?brillation thresh 
olds. 

FIG. 10 is a ?ow chart illustrating another embodiment for 
modifying the delivery of a de?brillation shock or other 
therapy based on previously acquired de?brillation threshold 
data over a range of another patient characteristic. 

DETAILED DESCRIPTION 

In the following detailed description, reference is made to 
the accompanying drawings which form a part hereof, and in 
which is shown by way of illustration speci?c embodiments 
in which the invention may be practiced. These embodiments 
are described in suf?cient detail to enable those skilled in the 
art to practice the invention, and it is to be understood that the 
embodiments may be combined, or that other embodiments 
may be utilized and that structural, logical and electrical 
changes may be made without departing from the spirit and 
scope of the present invention. The following detailed 
description is, therefore, not to be taken in a limiting sense, 
and the scope of the present invention is de?ned by the 
appended claims and their equivalents. In the drawings, like 
numerals describe substantially similar components through 
out the several views. Like numerals having different letter 
suf?xes represent different instances of substantially similar 
components. The term “and/ or” refers to a nonexclusive “or” 
(i.e., “A and/or B” includes both “A and B” as well as “A or 

B”). 
The present methods and apparatus will be described in 

applications involving implantable medical devices includ 
ing, but not limited to, implantable cardiac rhythm manage 
ment systems such as pacemakers, cardioverter/ de?brillators, 
pacer/de?brillators, biventricular or other multi-site coordi 
nation devices, and drug delivery systems for managing car 
diac rhythm. However, it is understood that the present meth 
ods and apparatus may be employed in unimplanted devices, 
including, but not limited to, external pacemakers, cardio 
verter/de?brillators, pacer/de?brillators, biventricular or 
other multi-site coordination devices, monitors, program 
mers and recorders. 

EXAMPLE A 

FIG. 1 is a schematic/block diagram illustrating generally, 
by way of example, and not by way of limitation, one embodi 
ment of portions of the present cardiac rhythm management 
system 100 and portions of an environment in which the 
present system 100 and associated techniques are used. Sys 
tem 100 includes, among other things, cardiac rhythm man 
agement device 105 and leadwire (“lead”) 110 for communi 
cating signals between device 105 and a portion of a living 
organism, such as heart 115. Embodiments of device 105 
include, but are not limited to, bradycardia and antitachycar 
dia pacemakers, cardioverters, de?brillators, combination 
pacemaker/de?brillators, drug delivery devices, and any 
other implantable or external cardiac rhythm management 
apparatus capable of providing therapy to heart 115. 

In this example, lead 110 includes multiple electrodes, and 
individual conductors for independently communicating an 
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electrical signal from each electrode to device 105. In one 
embodiment, these electrodes include a right ventricular (RV) 
tip-type electrode 120 at the distal end of lead 110. In one 
example embodiment, electrode 120 has a macroscopic sur 
face area that is approximately between 1 mm2 and 20 m2, 
inclusive. RV tip electrode 120 is con?gured to be positioned 
in the right ventricle at or near its apex or at any other suitable 
location. RV shock electrode 125 is located on the lead at a 
known predetermined distance, d1, from RV tip electrode 
120, as measured from the edges of these electrodes. RV 
shock electrode 125 is typically located in the right ventricle 
or at any other suitable location. In one embodiment, RV 
shock electrode 125 is a coil-type electrode having a macro 
scopic surface area that is approximately between 2 cm2 and 
20 cm2, inclusive. Superior vena cava (SVC) electrode 130 is 
located in a portion of the superior vena cava, the right atrium, 
or both, or at any other suitable location. In one embodiment, 
SVC electrode 130 is a coil-type electrode having a macro 
scopic surface area that is approximately between 2 cm2 and 
20 cm2, inclusive. Although RV tip electrode 120, RV shock 
electrode 125, and SVC electrode 130 are particularly 
described above with respect to structural characteristics and 
locations for disposition, it is understood that these electrodes 
may take the form of any of the various cardiac electrodes 
known in the art (e.g., epicardial patch electrodes) and may be 
positioned elsewhere for association with heart 115 or other 
tissue. 

In one embodiment, device 105 includes a hermetically 
sealed housing 135, formed from a conductive metal, such as 
titanium, and implanted within a patient such as within the 
pectoral or abdominal regions. In this example, housing 135 
(also referred to as a “case” or “can”) is substantially covered 
over its entire surface by a suitable insulator, such as silicone 
rubber, except for at a window that forms a “case” or “can” or 
“housing” electrode 140. As understood by one of ordinary 
skill in the art, housing electrode 140, although not located in 
the heart, is associated with the heart for providing what is 
sometimes referred to as “unipolar” sensing or pacing or 
de?brillation therapy. In one embodiment, a header 145 is 
mounted on housing 135, such as for receiving lead 110. 
Header 145 is formed of an insulative material, such as 
molded plastic. Header 145 also includes at least one recep 
tacle, such as for receiving lead 110 and electrically coupling 
conductors of lead 110 to device 105. Header 145 may also 
include one or more additional electrodes. In this example, 
ventricular ?brillation is treated by delivering a de?brillation 
shock between RV shock electrode 125 and the commonly 
connected combination of SVC electrode 130 and housing 
electrode 140; a de?brillation threshold is also obtained with 
SVC electrode 130 and housing electrode 140 connected in 
common. However, it is understood that these electrodes 
could be differently con?gured, such as for delivering 
de?brillation therapy between RV shock electrode 125 and 
housing electrode 140. 

FIG. 1 also illustrates, in an exploded view block diagram 
form, portions of device 105. It is understood that device 105 
is coupled to heart 115 via lead 110; the illustrated connection 
lines associated with the exploded view are illustrative only. 
In FIG. 1, test energy module 150 generates an energy from 
which a heart characteristic can be determined via response 
signal module 155. From these measurements, a de?brillation 
threshold is computed, for example, either by a de?brillation 
threshold estimation module in controller 160, which itself is 
in device 105, or in external programmer 170, which is com 
municatively coupled to a transmitter or receiver in device 
105, such as transceiver 175. The de?brillation estimation 
module is implemented as a sequence of steps carried out on 
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6 
a microprocessor or other microsequencer, in analog, digital, 
or mixed-signal hardware, or in any suitable hardware and/or 
software con?guration. In this example, SVC electrode 130 is 
electrically connected in common with housing electrode 
140, at node 165, and also coupled to each of test energy 
module 150 and response signal module 155. The device 105 
also includes a heart signal sensing module 156, a de?brilla 
tion shock module 157, and a stimulation module 158. In an 
example, the test energy module 150 includes at least a por 
tion of the shock module 157 or the stimulation module 158. 
In another example, the response signal module 155 includes 
at least a portion of the heart signal sensing module 156. 

FIG. 2 is a ?ow chart illustrating generally, by way of 
example, but not by way of limitation, one embodiment of a 
technique for estimating de?brillation thresholds such as 
using the system 100 of FIG. 1. This technique is carried out 
as executable instructions, such as by controller 160, but it 
need not be carried out in the exact sequence illustrated in 
FIG. 2. At step 200, test energy module 150 applies a test 
energy by providing a drive current of predetermined magni 
tude (e.g., approximately 30 to 1000 microamperes, inclu 
sive) between RV shock electrode 125 and housing electrode 
140. In one example, this drive current is delivered in a 
continuous or pulsed/strobed 25 kHZ waveform; in this 
example the 30 to 1000 microamperes current magnitudes are 
the zero-to-peak values of this test waveform. However, it is 
understood that the technique could use any other test energy 
that does not de?brillate the associated heart tissue and does 
not induce ?brillation, such as when the energy is delivered 
during a cardiac repolarization or by using a non-painful 
stimulus such as a pacing pulse (e.g., amplitude approxi 
mately between 0.1 Volt and 10 Volts, inclusive, duration 
approximately between 0.05 milliseconds and 10 millisec 
onds, inclusive). In one embodiment, the test energy typically 
has an energy less than 10 milliJoules, while typical de?bril 
lation threshold energies are between 1 and 40 Joules. The test 
energy may be delivered from either a current source or a 

voltage source. 

At step 205, response signal module 155 measures a 
response voltage V1 between RV shock electrode 125 and RV 
tip electrode 120. At step 210, response signal module 155 
also measures a response voltage V2 between RV tip elec 
trode 120 and housing electrode 140. One such embodiment 
of providing a test current and sensing a resulting voltage is 
described in Hartley et al. US. Pat. No. 6,076,015 (“the 
Hartley et al. patent”) entitled “RATE ADAPTIVE CAR 
DIAC RHYTHM MANAGEMENT DEVICE USING 
TRANSTHORACIC IMPEDANCE,” assigned to Cardiac 
Pacemakers, Inc., the disclosure of which is incorporated 
herein by reference in its entirety, including its incorporation 
by reference of Hauck et al., US. Pat. No. 5,318,597 entitled 
“RATE ADAPTIVE CARDIAC RHYTHM MANAGE 
MENT DEVICE CONTROL ALGORITHM USING 
TRANS-THORACIC VENTILATION, also assigned to Car 
diac Pacemakers, Inc. Although the Hartley et al. patent is 
directed toward providing a test current and sensing a result 
ing voltage to measure transthoracic impedance, those same 
techniques and structures for carrying out such techniques, 
including the use of a continuous or pulsed/strobed high 
frequency carrier signal (e.g., at a frequency that is approxi 
mately between 1 kHZ and 100 kHZ, inclusive), are also 
applicable here. Such techniques are employed either using 
the electrode con?guration illustrated in FIG. 1, or using the 
electrode con?guration described or incorporated by refer 
ence in the Hartley et al patent, or by using any other suitable 
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electrode con?guration that disposes electrodes for associa 
tion with heart 115 for providing a test signal and/ or detecting 
a response signal. 

In this example, at step 215, a fractional tip voltage param 
eter V2/ (V1 +V2) is determined by controller 160 or external 
programmer 170. This fractional tip voltage parameter pro 
vides a measured indication of the electric ?eld distribution 
near RV shock electrode 125, because it relates to a voltage 
drop over a known distance d1. 

In this example, at step 220, the attending physician or 
other user measures a distance d2 from the RV shock elec 
trode the outer periphery of the left ventricular apex. In one 
embodiment, this distance is measured by viewing an image 
of the heart on a ?uoroscope or other imaging apparatus, 
using the known distance d1 to assess the distance d2. Based 
on the distance d2 and the fractional tip voltage parameter, a 
de?brillation threshold is estimated, at step 225, using a 
model of electric ?eld distribution (for example, having foci 
at RV shock electrode 125 and at SVC electrode 130, as 
illustrated in this example by the elliptical lines superimposed 
on heart 115 in FIG. 1) that provides a desired electric ?eld 
magnitude throughout the heart, including its periphery. 

In one embodiment, a generalized electric ?eld distribution 
for the particular lead electrode con?guration is calculated a 
priori using the known lead electrode geometry and the 
boundary element method, or similar method, to solve the 
electric ?eld Laplace equation. In one example, commer 
cially available ?nite element analysis software is used to 
solve the electric ?eld distribution for the particular electrode 
arrangement. A resulting generalized equation describing the 
electric ?eld is then obtained using a cubic ?t. For a particular 
electrode con?guration, the measured voltage at tip electrode 
120 may be different from that obtained from the generalized 
electric ?eld equation for the modeled electrode geometry, for 
example, because of a small variation in the distance between 
tip electrode 120 and coil electrode 125, and/or because of the 
particular tissue and/or blood conductivity characteristics of 
the patient. To obtain additional accuracy, these small varia 
tions are accounted for by scaling or otherwise calibrating the 
generalized electric ?eld equation such that it obtains sub 
stantially the same electric ?eld at the tip electrode 120 as the 
measured electric ?eld at tip electrode 120, an indication of 
which is given by the fractional tip voltage parameter. Using 
the resulting calibrated electric ?eld equation and measured 
distance to the heart periphery, the electric ?eld obtained at 
the heart periphery in response to the test voltage is calcu 
lated. The de?brillation threshold voltage, then, is calculated 
by scaling the test voltage delivered at coil electrode 125 by 
the ratio of the desired electric ?eld at the heart periphery 
needed for successful de?brillation (e.g., 5 Volts/cm) to the 
extrapolated value of electric ?eld at the heart periphery 
obtained from the calibrated electric ?eld equation in 
response to the test voltage stimulus. 

In this example, it has been assumed that a minimum elec 
tric ?eld magnitude of 5 Volts/ cm at the left ventricular 
periphery of heart 115 (at a distance d2 away from RV shock 
ing electrode 125) is required to convert ventricular ?brilla 
tion into a normal heart rhythm (e.g., with a 50% probability). 
A more conservative user might select a larger predetermined 
desired electric ?eld intensity (e.g., 6 V/cm) at the heart 
periphery. Moreover, other experimental data might indicate 
that a lower electric ?eld intensity (e. g., 4 V/cm) is suf?cient 
to obtain a successful de?brillation. It is understood that the 
present system and techniques are applicable and may be 
used in conjunction with any desired electric ?eld intensity at 
the distal point (from the de?brillation electrode) of the tissue 
being de?brillated. 
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For ease of use, such as in an implantable device, the 

de?brillation threshold voltage is, in one embodiment, stored 
in a lookup table in a memory device. FIG. 3 illustrates 
generally, by way of example, but not by way of limitation, 
one embodiment of such a lookup table. In this embodiment, 
the de?brillation threshold voltage needed to obtain a 5 Volts/ 
cm electric ?eld at the left ventricular heart periphery is given 
as a function of: (l) the measured distance d2 less the known 
distance d1; and (2) the fractional tip voltage parameter. Thus, 
the lookup table in FIG. 3 represents solving the electric ?eld 
distribution for a particular lead geometry and a range of 
various heart sizes, calibrating the resulting cubic-?tted elec 
tric ?eld equations according to different measured values of 
electric ?eld as indicated by the range of fractional tip voltage 
parameters, and obtaining the corresponding de?brillation 
threshold voltage by scaling the test voltage by the ratio of the 
“safe” value of electric ?eld at the heart periphery to the 
extrapolated value of the electric ?eld at the heart periphery as 
obtained from the calibrated electric ?eld equation in 
response to the test voltage delivered from the de?brillation 
coil electrode 120. Thus, FIG. 3 indicates, for example, for a 
measured distance, (d2—d1), of 3.4 cm and a fractional tip 
voltage parameter of 45.0, then the predicted de?brillation 
threshold voltage given by the table in FIG. 3 is 408 Volts. 

In this way, the detected electric ?eld (represented by the 
fractional tip voltage parameter) associated with the detected 
voltage between RV shock electrode 125 and SVC electrode 
130 in response to the test energy is scaled upward to ensure 
an adequate minimum electric ?eld at the heart periphery 
(and, therefore, an adequate electric ?eld throughout that 
portion of the heart tissue being de?brillated). The associated 
scaled voltage that provides the desired electric ?eld at the 
heart periphery is deemed the appropriate de?brillation 
threshold voltage. 

Stated differently, in summary, for a given de?brillation 
waveform, the corresponding de?brillation threshold voltage 
is obtained as follows. An elliptical or other (e.g., spherical, 
quadratic, exponential, polynomial, or other approximation 
of electric ?eld) electric ?eld model is used to extrapolate the 
electric ?eld at a distal portion of the heart tissue to be de?b 
rillated (e.g., the left ventricular periphery in this example) 
based on the electric ?eld measured near the de?brillation 
electrode (e.g., the RV shock electrode 125 in this example) 
and the measured distance d2 to the distal portion of the heart 
tissue to be de?brillated. The de?brillation threshold is 
obtained by scaling the measured voltage at the de?brillation 
electrode by the ratio of the desired de?brillation electric ?eld 
at the distal portion of the heart to be de?brillated to the test 
value of electric ?eld at that distal portion as obtained by the 
previous measurement and modeled extrapolation. For this 
particular example, then, the estimated de?brillation thresh 
old voltage, VDFT, is represented by VDFTIV125* 
(EU/DESIRED/EL KMODEL); in this equation, V125 is the volt 
age measured (or calculated) at RV shock electrode 125 in 
response to the test current, E L V DESIR ED is the desired electric 
?eld at the left ventricular periphery for proper de?brillation 
(in this case, assumed to be 5 V/cm), and ELV, MODEL is the 
electric ?eld at the left ventricular periphery based on the 
electric ?eld measurement near RV shock electrode 125 and 
the extrapolation over the distance d2 using the elliptical or 
other electric ?eld model. 

It should be understood that the de?brillation threshold 
voltage could further be scaled upward to provide a safety 
margin of additional de?brillation energy. Moreover, 
although this example described measuring d2 from the RV 
shocking electrode 125 to the left ventricular periphery, it is 
understood that the measurement d2 may be performed 
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between any electrode used to deliver de?brillation energy to 
any portion of heart 115 and a distal portion of the heart tissue 
that is farthest from the de?brillation electrode but for which 
an adequate de?brillation electric ?eld is desired. 

EXAMPLE B 

FIG. 4 is a schematic/block diagram illustrating generally, 
by way of example, and not by way of limitation, another 
embodiment of portions of system 100 providing an alternate 
embodiment of determining the distance d2, such as 
described with respect to step 220 of FIG. 2, that does not 
require the use of ?uoroscopic or other imaging. FIG. 4 
includes an additional peripheral electrode 400 located at or 
close to the peripheral portion of the left ventricle (a distance 
d2 away from RV shock electrode 125) at which the prede 
termined electric ?eld magnitude (e.g., 5 Volts/cm, as in the 
previous example) is desired during de?brillation. In one 
embodiment, this peripheral electrode 400 is introduced into 
the left ventricular periphery (e. g., coronary sinus and/or 
great cardiac vein) by an transvascular lead 405 through the 
right atrium and coronary sinus. In another embodiment, 
peripheral electrode 400 is a patch-type de?brillation elec 
trode disposed on the exterior portion of the left ventricle. In 
either case, lead 405 may also include additional electrodes. 

FIG. 5 is a ?ow chart, similar to that of FIG. 2, illustrating 
generally, by way of example and not by way of limitation, 
another method of operation such as using the embodiment 
illustrated in FIG. 4. This technique is carried out by execut 
able instructions, such as on controller 160, but it need not be 
carried out in the exact sequence indicated in FIG. 5. At step 
500, an additional voltage measurement V3 is taken between 
peripheral electrode 400 and housing electrode 140 in 
response to the current delivered by test energy module 150 at 
step 200.At step 505 the distance d2 from RV shock electrode 
125 to the heart periphery electrode 400 is estimated without 
relying on ?uoroscopic or other imaging techniques to make 
a measurement. Instead, the distance d2 is estimated using the 
measured voltage V3 obtained in step 500. 

Referring again to FIG. 5, at 226, at least one intrinsic 
electrical heart signal is detected from a heart of a patient. In 
one example, this is a ventricular signal that, at least during 
normal ventricular rhythms, includes QRS complexes indica 
tive of ventricular depolarizations. Such ventricular signals 
also include discemable characteristics indicative of ven 
tricular tachyarrhythmias, such as a ventricular ?brillation or 
polymorphic ventricular tachyarrhythmia (PVT) episode to 
be treated by an electrical shock to the heart. At 227, one or 
more stimulations are delivered to the heart, if needed to treat 
a bradyarrhythmia or as part of a cardiac resynchronization 
therapy (CRT) that is intended to improve spatial coordina 
tion of the heart contraction to improve cardiac output. Any 
such stimulations are delivered at an energy level (e.g., at a 
pacing-type energy level) that is appropriate to evoke or assist 
in evoking a responsive heart contraction. At 228, a determi 
nation is made of whether a shockable arrhythmia is detected. 
Examples of a shockable arrhythmia include ventricular 
?brillation (V F) or a shockable polymorphic ventricular 
tachycardia. This detection is performed using a technique 
having a speci?city and a sensitivity, such as from a particular 
combination of parameters used in detecting the shockable 
arrhythmia and in delivering/ inhibiting shock therapy. In one 
example, the speci?city exceeds the sensitivity. In one 
example, the determination of whether a shockable arrhyth 
mia exists includes (or, alternatively, consists of) determining 
whether a ventricular heart rate exceeds a high rate threshold 
value, such as 220 beats per minute. At 228, if a shockable 
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10 
arrhythmia is detected then, at 229, a shock is delivered in 
response to the VT/VF, either alone or in combination with 
one or more other triggers. The shock is intended to terminate 
the VT/VF such that the heart reverts back to a non-tach 
yarrhythmic rhythm. Process ?ow then returns to 226.At 228, 
if a shockable arrhythmia is not detected, then process ?ow 
returns to 226. 

FIG. 6 is a ?ow chart and accompanying graph illustrating 
generally, by way of example, but not by way of limitation, 
one technique for estimating the distance d2, at step 505. In 
this technique, the electric ?eld near RV shock electrode 125 
is approximated, as a function of distance, as a decaying 
exponential, for distances measured radially outward from 
RV shock electrode 125. By using (V1 +V2) and V2 as points 
on this exponential curve that are separated by the known 
distance d1, as illustrated in FIG. 6, a decay rate “R” (i.e., the 
argument of the decaying exponential function) is computed 
at step 600. Then, at step 605, the distance d2 is estimated 
using the previously determined decay rate R. Having deter 
mined the distance d2 without relying on ?uoroscopic imag 
ing techniques, the de?brillation threshold energy is esti 
mated as previously described herein with respect to FIGS. 
1-3, or by other suitable technique. 

OTHER EXAMPLES 

FIG. 7 is a ?ow chart illustrating generally, by way of 
example, but not by way of limitation, another embodiment of 
using system 100. This embodiment includes steps for esti 
mating de?brillation threshold voltages for a particular 
de?brillation waveform delivered from a particular electrode 
con?guration, such as described with respect to FIG. 5 (or 
FIG. 2). Then, at step 700, an indication of the de?brillation 
threshold energy is provided to the user. In one example, the 
de?brillation threshold energy estimated within device 105 is 
communicated by telemetry transceiver 175 to external pro 
grammer 170 for display, such as on a computer monitor, 
audible output, printed means, orusing any other indicator. In 
another example, the de?brillation threshold energy is esti 
mated by hardware included within external programmer 
170, which is itself coupled to lead 110 with or without 
actually implanting a device 105. A resulting indication of the 
de?brillation threshold energy is displayed on programmer 
170. Based on this indicated de?brillation threshold energy, 
the user selects an appropriate cardiac rhythm management 
device 105 for implantation. In this way, an implantable car 
diac rhythm management device 105 having a larger battery 
capacity is selected for a patient exhibiting a larger de?bril 
lation threshold voltage than for a patient exhibiting a lesser 
de?brillation threshold voltage. This selection of a cardiac 
rhythm management device 105 having appropriate energy 
capacity may also be based on other factors, including, by 
way of example, but not by way of limitation, the expected 
frequency of needed de?brillation episodes, the patient’s 
need for other power-consuming features in the implantable 
cardiac rhythm management device. Thus, according to this 
technique of computing de?brillation thresholds for a par 
ticular electrode con?guration, the user may advantageously 
determine the appropriate cardiac rhythm management 
device 105 before actually performing an implantation. 

FIG. 8 is a ?ow chart illustrating generally, by way of 
example, but not by way of limitation, another embodiment of 
using system 100. This embodiment includes steps for esti 
mating de?brillation threshold voltages for a particular 
de?brillation waveform and providing an indicator of the 
de?brillation threshold energy to the user, as described with 
respect to FIG. 7. Then, at step 800, a de?brillation shock 
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having a magnitude based on the predicted de?brillation 
threshold energy (e.g., equal to the predicted de?brillation 
threshold energy) is delivered to a patient in ?brillation to test 
whether the applied de?brillation shock magnitude is suf? 
cient to de?brillate the patient. If the de?brillation is success 
ful, the user may again test e?icacy using a lesser de?brilla 
tion shock; if the de?brillation is not successful, the user may 
again test ef?cacy using a greater de?brillation shock. 

FIG. 9 is a ?ow chart illustrating generally, by way of 
example, but not by way of limitation, another embodiment of 
using system 100. This embodiment includes steps for esti 
mating de?brillation threshold voltages for a particular 
de?brillation waveform (as described with respect to FIGS. 2 
and 5). At step 900, the computed de?brillation threshold 
energy and corresponding time is stored in memory in con 
troller 160. After a delay at step 905, the de?brillation thresh 
old estimation steps are repeated and the resulting de?brilla 
tion threshold energy and time are again recorded and stored. 
The stored de?brillation threshold energy and corresponding 
time data is, in one embodiment, communicated to external 
programmer 170 by transceiver 175. In one embodiment, a 
relatively short delay (e.g., approximately between 1 hour 
and 1 day, inclusive) is used at step 905, during a period of 
time immediately following implantation of de?brillation 
lead 110. In this way, acute changes in de?brillation threshold 
are monitored and stored. In another. embodiment, a longer 
delay (e. g., approximately between 1 day and 1 month, inclu 
sive) is used at step 905. In this way, chronic changes in 
de?brillation threshold are monitored and stored. Such 
chronic changes in de?brillation threshold provide one indi 
cation of patient well-being and suitability for continued use 
of the cardiac rhythm management system 100. 

FIG. 10 is a graph of transthoracic impedance (Z) versus 
time. FIG. 10 illustrates another aspect of the present system 
100 in which a patient characteristic, such as breathing (also 
referred to as respiration or ventilation) is monitored. One 
technique for monitoring breathing is by measuring transtho 
racic impedance, as described in Hartley et al. US. Pat. No. 
6,076,015 entitled “RATE ADAPTIVE CARDIAC 
RHYTHM MANAGEMENT DEVICE USING TRAN 
STHORACIC IMPEDANCE,” assigned to Cardiac Pace 
makers, Inc., which is incorporated herein by reference in its 
entirety. As illustrated in FIG. 1 0, de?brillation thresholds are 
repeatedly computed, according to the techniques described 
herein, at several different times during the patient’s breath 
ing cycle of inhaling and exhaling. An indication of the por 
tion of the breathing cycle that corresponds to the lowest 
computed de?brillation threshold is recorded. In one 
example, this is implemented by recording a transthoracic 
impedance corresponding to the lowest de?brillation thresh 
old. In another embodiment, this is implemented by recording 
a time delay from a ?ducial point of the thoracic impedance 
waveform (e.g., maxima, minima, “zero”-crossing, etc.). 
Then, at some later time when the patient is in ?brillation, a 
de?brillation shock is delivered by system 100 synchronized 
to (among other things) the portion of the respiration cycle 
that was found to correspond to the lowest de?brillation 
threshold energy. In a broader sense, because the de?brilla 
tion threshold estimation techniques disclosed herein do not 
require an actual de?brillation energy or ?brillation-inducing 
energy, such de?brillation threshold estimation can be carried 
out repeatedly for evaluation over a range of any other patient 
characteristics (e.g., posture, etc.) besides breathing. Varia 
tions in the de?brillation threshold energy may then be used 
to synchronize delivery of the de?brillation shock to that 
particular patient characteristic, or to otherwise modify 
therapy delivery. 
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CONCLUSION 

The above-discussed system provides, among other things, 
an apparatus and methods for estimating de?brillation thresh 
olds without having to induce an arrhythmia or provide a 
de?brillation shock, and thereby avoids the disadvantages 
associated therewith, as discussed above. Although the sys 
tem has been so described to illustrate this one of its advan 
tages, it is not limited in this way. Stated differently, the 
system could also be used in conjunction with techniques that 
induce arrhythmias and/ or deliver de?brillation counter 
shocks to determine de?brillation thresholds. 
The above-discussed system has been particularly 

described in terms of its use to determine ventricular de?bril 
lation thresholds. However, it is understood that the described 
technique could also be used to determine atrial or other 
de?brillation thresholds by simply repositioning the elec 
trodes to be associated with the atrial tissue to be de?brillated. 
Moreover, the described system need not be con?ned to a use 
in determining de?brillation thresholds; it could also be used 
for determining the required applied voltage at any electrode 
that is needed to obtain a desired electric ?eld at a distance 
away therefrom. 
The systems and methods described herein for painlessly 

estimating a de?brillation threshold will be particularly use 
ful in a cardiac rhythm management device having both brad 
yarrhythmia pacing therapy and de?brillation shock therapy 
capabilities, where the device is con?gured to be used in a 
patient population that is not normally indicated for an anti 
tachyarrythmia therapy device. In such patients, erroneously 
or unnecessarily delivering a de?brillation shock is particu 
larly undesirable, as explained in the above-incorporated US. 
patent application Ser. No. 10/921,777. However, including 
de?brillation capability in such devices is still useful for 
preventing patient mortality. Therefore, such devices in such 
a patient population are particularly well-suited for the 
present systems and methods of painlessly estimating a 
de?brillation threshold, since the present systems and meth 
ods avoid any need to actually deliver a de?brillation shock 
during de?brillation threshold testing. 

It is to be understood that the above description is intended 
to be illustrative, and not restrictive. For example, the above 
described embodiments may be used in combination with 
each other. Many other embodiments will be apparent to 
those of skill in the art upon reviewing the above description. 
The scope of the invention should, therefore, be determined 
with reference to the appended claims, along with the full 
scope of equivalents to which such claims are entitled. In the 
appended claims, the term “including” is used as being 
equivalent to the term “comprising,” and its interpretation 
should not be limited to “physically including” unless other 
wise indicated. 

What is claimed is: 
1. An apparatus comprising: 
a test energy circuit adapted to deliver a test energy to a 

heart of a patient; 
a response signal circuit adapted to detect responding sig 

nals providing for an indication of an electric ?eld 
strength in a predetermined cardiac region, the respond 
ing signals resulting from the delivery of the test energy; 

a controller in communication with the test energy circuit 
and the response signal circuit, the controller adapted to 
estimate a de?brillation threshold based on the indica 
tion of the electric ?eld strength; 

a heart signal sensing circuit to sense intrinsic electrical 
heart signals from the heart of a patient; 








